This paper presents a thermoregulation finite element model (FEM) to simulate hypothermia procedures for the treatment of encephalopathy hypoxic-ischemia (EHI) in neonates, a dangerous ischemic condition that can cause neurological damages and even death. Therapeutic hypothermia is the only recommended technique to reduce sequels caused by EHI in neonates; intervention with moderate cooling for neural rescue in newborns with hypoxic-ischemic brain injury clinics that cannot currently afford the available expensive equipment and techniques. In this work, we developed a FEM package using isoparametric linear three-dimensional elements which is applied to the solution of the continuum bioheat Pennes equation. Blood temperature changes were considered using a blood pool approach. The results of the FEM model were compared to those obtained through the implementation of a user-defined function (UDF) in the commercial finite volume software FLUENT and validated with experimental tests. Numerical analyses were performed using a three-dimensional mesh based on a complex geometry obtained from MRI scan medical images.
48
Hypothermic treatment in neonates can be performed by different methods.
49
The most widely used are selective brain cooling, which consists of a cooling 50 helmet/cap or a pack of ice placed in the head to reduce temperature, as used blood and tissues, as is the case of the Pennes model used in this work [14] .
84
The Pennes model is one of the most popular bioheat models and assumes that 85 heat transfer in the tissues occurs only at the capillary vessels [15] . It describes 86 the bioheat transfer in a simple way and it was shown to be very efficient for 87 different bioheat applications [16] .
88
The main goal of the hypothermia treatment is to reduce the temperature 
and represents the bioheat flux in a domain Ω . 
where T 0 is the initial temperature in the tissue. The metabolic heat generation rate in a specific tissue can be considered as a 141 composition of the basal rateq m,0 , representing a thermal neutrality condition,
142
and an additional rate ∆q m generated by a local thermoregulation activity:
The additional rate ∆q m can be divided into three components: 
In the above equation, the reference temperature T 0 is the equilibrium tem-151 perature of the body and the Q 10 coefficient is usually considered as equal to 2.
152
The second and third terms in Eq. body is gathered in the blood pool and a new arterial temperature is obtained.
169
The arterial temperature is calculated according to the following equation: The blood perfusion rate ω b,t in a specific tissue can be divided into two 182 components:
where ω b,0,t is the local basal blood perfusion rate and ∆ω b,t is a local variation 
The convective flux q conv between the skin surface and the external environ-193 ment can be calculated using the Newton cooling law, defined as
The symbols T ext and h conv indicate the external temperature and the heat 195 transfer coefficient, respectively.
196
The radiative flux between the skin and the surrounding environment can 197 be obtained by the Stefan-Boltzmann law:
ix where T skin is the temperature at the skin surface, T sr,mean is the mean tem-perature of the surrounding radiating surfaces and
in which σ refers to the Stefan-Boltzmann constant and ε is the average emissiv- temporal interval (0, Π), the domain Ω is discretized in elements and at each 220 time step t = t n+1 we adopt the approximation:
where N j (x) refers to the spatial interpolation functions andT j,n+1 are the 222 nodal values of the approximate temperature functionT at time step t n+1 . The 223 x time derivative of T at t n+1 is approximated by
Introducing the approximations presented above, the following system of 225 algebraic equations is obtained at time t = t n+1 :
where M is the mass matrix,Ṫ n+1 are the nodal values of the time derivative 227 of temperature, K is the stiffness matrix, T n+1 are the nodal temperatures at 228 time step t n+1 and F n+1 is the vector of independent terms. The coefficients of 229 these matrices are calculated as follows:
The counter current heat exchange and the circulatory system effects on 233 blood pool temperature are incorporated by calculating the arterial temperature
where the subscript k denotes the sector of the body, N k is the number of 
In the above equation, K is the total number of sectors in the body and
240
T i,t,k represents the temperature of each element i of tissue t in sector k. In this 241 way, at each new iteration of the system, before assembling the stiffness matrix 242 and the force vector, the temperatures T a,k , T c and T v0,k must be updated.
243
A predictor multi-corrector algorithm is used for the treatment of the non-244 linearities [35] . For this purpose, the residue at time t n+1 is considered as equal 245 to zero if the system is balanced, i.e.
with R being the residue at time step t n+1 . In this work, we implemented 247 the algorithm presented by Ribeiro and Ferreira [33] , as illustrated in Table 1,   248 where ∆t is the time step and α is a finite difference coefficient. The system of 249 equations is assembled by performing a local calculation in each element and it 250 is solved using the conjugate gradient method with a diagonal pre-conditioner
251
[36] consisting of the diagonal coefficients of the system matrix. 1 :
The main purpose of this work is to implement a thermoregulation model ca-
254
pable of simulating the heat transfer in the human body during hypothermic 255 treatments in neonates suffering from encephalopathy hypoxic-ischemia.
256
The geometrical model used in this work was obtained by segmentation 
274
From the experiments, the convection heat transfer coefficient was defined and 275 the mean skin temperature was used to compare experimental and numerical 276 results.
277
In the first test, the body of the neonate was divided in two regions: top and bottom. An adiabatic condition was prescribed at the bottom surface while, 
308
The rewarming phase is simulated in the fourth case. In this case, the cooling 
Results

316
The first test described in the previous section consists of a steady-state problem were simulated considering different conditions presented in Table 4 . Table 5 321
shows the blood pool temperature used to compare the results of both methods. The maximum relative difference in Table 5 is about 0.17%, which means Table 6 .
322
333
xx Table 6 : Sensitivity study of the blood temperature to the external temperature and heat transfer coefficient. heat is lost to the environment, so the body is kept warmer.
341
Our aim is for some of the more sensitive parameters to be 'learned' from 342 further studies on neonates. For instance, our collaborators at the Silesian
343
University of Technology have already performed some inverse analyses where 344 specific parameters were identified from temperature measurements provided 345 by a collaborating hospital [40] . As more studies on neonates are published, we
346
hope that the required model parameters will be refined and their values will 347 be more clearly defined.
348
The second test consists of a transient thermal analysis of a 3.3 kg neonate 
Conclusion
382
The main goal of the work described in this paper is to develop a finite element process -measurements and CFD modelling, LAP LAMBERT Academic
